Introduction

31
Graham (1724) discovered that the Declination, i.e. the angle between the horizontal 32 component of the geomagnetic field (as shown by a compass needle) and true north, 33 varied through the day. Canton (1759) showed that the range of the daily variation varied 34 with the season, being largest in summer. Lamont (1851) noted that the range had a clear 35 ~10-year variation, whose amplitude Wolf (1852a, 1857) and Gautier (1852) found to 36 follow the number of sunspots varying in a cyclic manner discovered by Schwabe (1844). 37
Thus was found a relationship between the diurnal variation and the sunspots "not only in 38 average period, but also in deviations and irregularities" establishing a firm link between 39 solar and terrestrial phenomena and opening up a whole new field of science. computing a terrestrial phenomenon from observations of sunspots". 54
Later researchers, (e.g. Chree, 1913; Chapman et al., 1971) , wrote the relationship in the 55 equivalent form 4 (1 /10 ) v a mR  separating out the solar modulation in the 56 unit-independent parameter m (avoiding decimals using the device of multiplying by 10 4 ) 57 with, it was hoped, local influences being parameterized by the coefficient a. Chree also 58 established that a and m for a given station (geomagnetic observatory) were the same on 59 geomagnetically quiet and geomagnetic disturbed days, showing that another relationship 60 found with magnetic disturbances (Sabine, 1852) hinted at a different nature of that 61 solar-terrestrial relation; a difference that for a long time was not understood and that 62 complicates analysis of the older data (Macmillan and Droujinina, 2007) . 63 Stewart (1882) suggested that the diurnal variation was due to the magnetic effect of 64 electric currents flowing in the high atmosphere, such currents arising from electromotive 65 forces generated by periodic (daily) movements of an electrically conducting layer across 66 the Earth's permanent magnetic field. The next step was taken independently by 67 Kennelly (1902) and Heaviside (1902) who pointed out that if the upper atmosphere was 68 electrically conducting it could guide radio waves round the curvature of the Earth thus 69 explaining the successful radio communication between England and Newfoundland 70 established by Marconi in 1901. It would take another three decades before the notion of 71 conducting ionospheric layers was clearly understood and accepted (Appleton, Nobel 72 Lecture, 1947) : the E-layer electron density and conductivity start to increase at sunrise, 73 reach a maximum near noon, and then wane as the Sun sets; the variation of the 74 conductivity through the sunspot cycle being of the magnitude required to account for the 75 change with the sunspot number of the magnetic effects measured on the ground. 76
The Solar Extreme Ultraviolet (EUV) radiation causes the observed variation of the 77 geomagnetic field at the surface through a complex chain of physical connections (as first  78 suggested by Schuster (1908) ), see Figure 1 . The physics of most of the links of the chain 79 is reasonably well-understood in quantitative detail and can often be successfully 80 modeled. We shall use this chain in reverse to deduce the EUV flux from the 81 geomagnetic variations, touching upon several interdisciplinary subjects .  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112 Figure 1: Block diagram of the entities and processes causally connecting variation 113 of the solar magnetic field to the regular diurnal variation of the geomagnetic field. 114
The effective ionospheric conductivity is a balance between ion formation and 115 recombination. 
The Ionospheric E-Layer
139
The dynamo process takes place in the dayside E-layer where the density, both of the 140 neutral atmosphere and of electrons is high enough. The conductivity at a given height is 141 roughly proportional to the electron number density Ne. In the dynamo region (at 105 km 142 altitude), the dominant plasma species is molecular oxygen ions, 2 O  , produced by photo 143 ionization (by photons of wavelength λ of 102.7 nm or less (Samson and Gardner, 1975 The magnitude, A, of the variation of the East Component due to the dynamo process is 158
given by A = μo Σ U Bz (Takeda, 2013) where μo is the permeability of the vacuum 159 (4π×10 7 ), Σ is the height-integrated effective ionospheric conductivity (in S), U is the 160 zonal neutral wind speed (m/s), and Bz is the vertical geomagnetic field strength (nT). 161
The conductivity is a highly anisotropic tensor and in the E-layer the electrons begin to 162 gyrate and drift perpendicular to the electric field, while the ions still move in direction of 163 the electric field; the difference in direction is the basis for the Hall conductivity ΣH, 164 which is there larger than the Pedersen conductivity ΣP. barely, if at all, seen in the data. We return to this point in Section 7. The purported near-177 cancellation of B is not perfect, though, depending on the precise geometry of the field. In 178 addition, the ratio between internal and external current intensity varies with location. 179
The net result is that A can and does vary somewhat from location to location even for 180
given N and U. Thus a normalization of the response to a reference location is necessary, 181
as discussed in detail in Section 7. 182 Ottawa and then at Penticton) since 1947 and is an excellent indicator of the amount of 223 magnetic activity on the Sun (Tapping, 1987 (Tapping, , 2013 Earth's magnetic field from which the regular, solar local time daily variations described 252 by Canton (1759) and Mayaud (1965) , SR, can be derived. From the variation of the 253 horizontal component ΔH, one can derive the surface current density, K, for a 254 corresponding equivalent thin-sheet electric current system overhead, K (mA/m) = 1.59 255 ΔH (nT) = 2ΔH/μo. This relationship is not unique; the current system is three-256 dimensional, and an infinite number of current configurations fit the magnetic variations 257 observed at ground level. Measurements in space provide a much more realistic picture 258 (Olsen, 1996) and the SR system is only a convenient representation of the true current. winding and the conducting ground as the secondary winding, inducing electric currents 268 at depth. The magnetic field of the secondary current (about 30% of that of the primary) 269 adds to the magnetic field of the primary SR current. We are concerned only with the total 270 variation resulting from superposition of the two components. In addition, we do not limit 271 ourselves to the variation on the so-called 'quiet days', as their level of quietness varies 272 with time, but rather use data from all days when available (the difference is in any case 273 small). 274
The EUV Emission Flux
The SR current depends on season, i.e. the solar Zenith angle controlling the flux of EUV 275 radiation onto the surface. The summer vortex is larger and stronger than the winter 276 vortex and actually spills over into the winter hemisphere. The amplitude of the SR 277 increases by a factor of two from solar minimum to solar maximum, mostly due to the 278 solar cycle variation of conductivity caused by the solar cycle variation of the EUV flux 279 (Lean et al., 2003) . In addition, the daytime vortices show a day-to-day variability, 280 attributed to upward-traveling internal waves that are sensitive to varying conditions in 281 the lower atmosphere. 282
Atmospheric magnetic tides (Love and Rigler, 2014 ) are global-scale waves excited by 283 differential solar heating or by gravitational tidal forces of both the Moon and the Sun. 284
The atmosphere behaves like a large (imperfect) waveguide closed at the surface at the 285 bottom and open to space at the top, allowing an infinite number of atmospheric wave 286 modes to be excited, but only low-order modes are important. The lunar tide is ~20 times 287 smaller and will not be considered further here. 288
The Diurnal Range of the Geomagnetic East Component
289
The SR current system rises with the Sun in the morning, with the pre-noon current at 290 northern mid-latitudes running from north to south (in the opposite direction at southern 291 latitudes) and when the Sun and the currents set, the afternoon current is from south to 292 north ( Figure 4 ). The magnetic effect due to these currents is at right angles to the current 293 direction, i.e. east-west. Currents due to solar wind induced geomagnetic disturbances 294 (Ring Current; electrojets) tend to flow east-west, so their magnetic effect is strongest in 295 the north-south direction and generally lowest and rather disorganized in the east-west 296 direction, hence have little effect on the average east-west magnetic variations. For this 297 reason, the variation of the geomagnetic East-Component (and the almost equivalent 298 Declination, Figure 5 ) is especially suited as a proxy for the strength of the SR current. 299 300 East-West force of the magnetic effect of the SR current system, and that therefore the 345 range of the angle in arc minutes varies with the horizontal force as well, in space and in 346 time. François Arago wonderfully described (in the 1820s) how the range of the 347
Declination he observed at the Paris Observatory increased by a factor of ten as the result 348 of installation (later removed) of an iron stove in an adjoining room, the magnetic stove 349 canceling out a large part of the natural horizontal force. 350
The Master Record 351
The German station chain (POT-SED-NGK) yields an almost unbroken data series 352 extending over 125 years. The French station chain (PSM-VLJ-CLF) provides an even 353 longer series, 130 years of high-quality data, (Fouassier and Chulliat, 2009 The variation at the French stations is 5% larger than at the German stations. We form a 391 simple composite Master-Record, adjusting the French stations down by 5%, Figure 7 . 392
The Master-Record is thus fundamentally and arbitrarily rooted in the German series. No 393 further adjustments of the intra-chain records can be made (and none seems necessary), 394 as the available data for individual stations in each chain do not overlap enough in time. 395
It is immediately apparent that there is very little, if any, variation of the range at sunspot 396 minima (dashed line in lower panel of Figure 7 ). The lack of a trend in the mid-latitude 397 geomagnetic response to solar activity in general has also been noted by Martini et al. 398 (2015 Figure 8 . Outliers, if any, are identified and omitted. We find that, 422 almost always, the regression line goes through the origin within the uncertainty of the 423 regression, so we force it through the origin (occasionally a better fit is a weak power law 424 which we then use instead). is very similar for a broad range of latitudes (Vestine et al., 1947 A source of unwanted variability is that metadata is often lacking as to which days and 517 which hours were used to determine the ranges reported: all days, or only quiet days (and 518 then which ones), what times of the day (including night hours if they suffered a 519 substorm, creating a local extremum), and when, or if, such procedural details changed. 520
We assume that the normalization absorbs enough of the effect of such changes that we 521 can consider them to be akin to 'noise', whose average influence diminishes as the 522 number of stations increases. 523
The Composite rY Record 524
Normalizing the ranges from the following 129 observatories to the Master Record(s) 525 yields the composite shown in Figure 12 . The normalization removes the dependence on latitude and most of the variation due to 545 differences in underground conductivity. There remains the (minor) influence of 546 geomagnetic activity in the auroral zone and the Ring Current as we did not limit 547 ourselves to so-called 'quiet days'. The multi-colored Figure 12 shows that the 'spread' 548 between stations is rather uniformly about four times the standard deviation, SD, 549 corresponding to encompassing 95% of the data; this justifies computing the standard 550 error SE of the mean as SE = SD / √(N). Employing this device leads to Figure The 2.5·10 10 photons/cm 2 /sec EUV flux in the 0.1-50 nm wavelength range inferred for 589 every sunspot minimum the past 175 years appears to be a 'basal' flux, present when 590 visible solar activity has died away. The lack of any variation of this basal flux suggests 591 that the flux (and the network causing it) is always there, presumably also during Grand 592
Minima. If the magnetic network is always present, this means that a chromosphere is 593 also a permanent feature, consistent with the observations of the 'red flash' observed 594 during the 1706 solar eclipse (Young, 1881) . This is, however, a highly contentious issue 595 (Riley et al., 2015) , but one of fundamental importance. 596
As the magnetic field in the solar wind (the Heliosphere) ultimately arises from the 597 magnetic field on the solar surface filtered through the corona, one would expect, at least 598 an approximate, relationship between the network field and the Heliospheric field, the 599 latter now firmly constrained (Svalgaard, 2015) . Figure 17 shows a comparison of the rY 600 proxy for the EUV flux from the surface network magnetic field structures, connected in 601 the higher solar atmosphere to the coronal magnetic field, and then carried out into the 602
Heliosphere to be observed near the Earth. his relationship what the range would be and he was generally correct. In 1870 Wolf 621 became 'alarmed' (Loomis, 1873) because the computed and observed variations 622 seriously disagreed and Wolf, being so convinced that the relationship was real and 623 physical and should be obeyed, consequently (Wolf, 1872) adjusted his method of 624 comparing sunspot observers in order to make the anomaly go away such as to restore the 625 agreement between the solar and the terrestrial data. Wolf continued to collect 626 geomagnetic data until his death, and his successor, Wolfer, carried on until 1922 when 627 B 2 ~ EUV Flux finally the geomagnetic comparisons were discontinued as some participating 628 observatories were shut down. 629
A factor that perhaps also contributed to the abandonment of the geomagnetic 630 comparisons was that the relationship appeared to be changing with time such that the 631 original coefficients were no longer applicable, thus undermining the rationale for 632 comparing the solar and terrestrial data; the influence of the Sun seemed to be steadily 633 diminishing, Figure 653  654 Even before the 'Magnetic Crusade' of the 1840s we have scattered observations of the 655 diurnal variation of the Declination. A detailed discussion of the early data will be the 656 subject of a separate paper. Here we shall limit ourselves to early data mainly collected 657 and published by Wolf and reduced by Loomis (1870 Loomis ( , 1873 Loomis drew two important and prescient conclusions: 1) the basal part of the "diurnal 669 inequality (read: variation), amounting at Prague to six minutes is independent of the 670 changes in the sun's surface from year to year", and 2) "the excess of the diurnal 671 inequality above six minutes as observed at Prague, is almost exactly proportional to the 672 amount of spotted surface upon the sun, and may therefore be inferred to be produced by 673 this disturbance of the sun's surface, or both disturbances may be ascribed to a common 674 cause". It is encouraging that the Sunspot Group Number series seems to agree well with 675 the diurnal range series, even for the earliest geomagnetic measurements. Loomis' 676 conclusions are fully supported by our modern data and analyses. 677
Earliest Observations of the Diurnal Range
Olof Peter Hjorter (with Anders Celsius) made ~10,000 observations of the diurnal 678 variation of the Declination during 1740-1747 (Hjorter, 1747) at Uppsala, Sweden. 679
Hjorter's (and Celsius') measurements were made with an instrument manufactured by 680 Graham in London and the data are accurate to about one minute of arc and are the 681 earliest data of sufficient quality and extent to allow firm determination of the diurnal 682 variation. The original notebooks with observations have been preserved (and kindly 683 made available to us by Olof Beckman, Uppsala) and a detailed analysis will be reported 684 in a separate paper (Svalgaard and Beckman, 2016 ; a summary to be incorporated in the 685 present one). At this point we only note that the variation at the sunspot minimum in 686 1741 was very similar to the variation at nearby Lovö in 1997, Figure 20 . 687 display also observed by Graham in London, proving that auroral and magnetic 693 phenomena were connected and were not just local effects (Beckman, 2001 ). 694 695
Comparison with the Sunspot Group Series
696
Although it is important to stress that the Sunspot Group Number series (Svalgaard and 697 Schatten, 2015) is a pure solar index and that the Diurnal Range series (Svalgaard, this 698 paper) is a pure terrestrial index, it is also important to compare the two series to check 699 for disagreements or differing trends. After all, we are concerned with quantifying 700 manifestations of the long-time variation of the same underlying cause, the Sun's 701 magnetic field. In order to compare the series we first put them on the same scale by 702 regressing rY against the group number GN, as shown in the right-hand panel of Figure  703 21. Then we can plot the series for easy visual comparison and also take the ratio for a 704 numerical measure of the similarity, Figure 21 . 
(box). 709
The ratio between the diurnal range and the scaled group number is slightly smaller than 710 unity during 1840-1870, but is still within the combined error bar for the two series, so 711 the geomagnetic data are excellent complements to the direct count of sunspot groups. 712
Accepting this, justifies constructing a composite of GN and rY in terms of the group 713 count so we can compare with the sunspot number, Figure 22 Figure 24 shows a 2 nd -order fit to the 753 data during the Zürich-era, assuming that the data are homogenous enough throughout 754 that time. We shall use that fit to construct a synthetic SSN to compare with the reported 755 SSN, Figure 24 . 
Number of Spots per Group is Not Constant 780
The basic idea behind the Group Sunspot Number was that the number of spots per group 781 is constant. Even in Wolf's definition of the Relative Sunspot Number = 10 Groups + 782
Spots that assumption is built-in, as the factor of 10 for the groups is held constant. We 783 can investigate the validity of this assumption for recent solar cycles using data from the 784 German SONNE network of sunspot observers (Bulling, 2013) The lower part of the panels shows the variation of number of groups (blue 800 triangles) and of the number of spots (red squares) both scaled to match each 801 other before 1992. Note for both series the decreasing spot count, relative to the 802 group count. 803 Figure 26 shows that the average number of spots per group has been decreasing steadily 804
for both SONNE and Locarno and is therefore not due to drifts of calibration or 805 decreasing visual acuity of the primary Locarno observer (Sergio Cortesi). If the 'missing 806 spots' were large spots with significant magnetic flux one would expect F10.7 and rY to 807 decrease as well, contrary to the observed trends (Figures 23-24 ), so the missing spots 808 must be the smallest spots, as also suggested by Lefèvre and Clette (2011) . It appears that 809 this may be a natural explanation for the decline of the Sunspot Number compared to 810 F10.7 and rY. 811
Comparison with Other UV proxies 812
The emission core of the Magnesium II doublet (λ = 280 nm) exhibits the largest natural 813 solar irradiance variability above 240 nm. The Mg II doublet is a broad absorption feature 814 with narrow emission peaks in the core. Radiation in the line wings originates in the 815 photosphere and shows much less variability. Therefore, the ratio of line core intensity to 816 wing intensity provides a good estimate of solar variability because the use of an intensity 817 ratio cancels degradation effects. The core-to-wing ratio is frequently used as a proxy for 818 spectral solar irradiance variability from the UV to EUV. 
